Abstract. In mass-spectrometry based peptide sequencing, formation of b-and ytype fragments by cleavage of the amide C-N bond constitutes the main dissociation pathway of protonated peptides under low-energy collision induced dissociation (CID). The structure of the b 2 fragment ion from peptides containing glutamine (Gln) and asparagine (Asn) residues is investigated here by infrared ion spectroscopy using the free electron laser FELIX. The spectra are compared with theoretical spectra calculated using density functional theory for different possible isomeric structures as well as to experimental spectra of synthesized model systems. The spectra unambiguously show that the b 2 -ions do not possess the common oxazolone structure, nor do they possess the alternative diketopiperazine structure. Instead, cyclic imide structures are formed through nucleophilic attack by the amide nitrogen atom of the Gln and Asn side chains. The alternative pathway involving nucleophilic attack from the side-chain amide oxygen atom leading to cyclic isoimide structures, which had been suggested by several authors, can clearly be excluded based on the present IR spectra. This mechanism is perhaps surprising as the amide oxygen atom is considered to be the better nucleophile; however, computations show that the products formed via attack by the amide nitrogen are considerably lower in energy. Hence, b 2 -ions with Asn or Gln in the second position form structures with a fivemembered succinimide or a six-membered glutarimide ring, respectively. b 2 -Ions formed from peptides with Asn in the first position are spectroscopically shown to possess the classical oxazolone structure.
Introduction
C urrent proteomics research relies heavily on mass spectrometry (MS) based peptide sequencing methods [1, 2] . Practical applications make use of the differences in the m/z values of peptide fragments generated by collision-, electron-, surface-, or photon-induced dissociation of protonated peptides. In most applications, protein identification is then effected by database matching. Along with the practical application of MS-based peptide sequencing, much effort, both experimental and theoretical, has been devoted to a fundamental understanding of the dissociation reactions occurring in the mass spectrometer. Such experimental and computational studies generally address the energetics and dynamics of the dissociation reactions including the minimum and transition-state structures along the reaction path [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Under low-energy collision conditions, protonated peptides fragment predominantly by cleavage of the backbone amide bond generating so-called b-and y-type fragments [2] , corresponding to the charged N-and C-terminal products, respectively, of the dissociation reaction. The mobile proton model [3, 4, 13] predicts that upon collisional activation, the added proton migrates from the most basic site in the peptide to one of the amide linkages (either the amide nitrogen or oxygen atom), weakening the amide bond and making the amide carbonyl C-atom a strong electrophile (see Scheme 1) [6, 12] . This carbonyl C-atom becomes subject of nucleophilic attack leading to the reactive configuration. The oxygen atom of the adjacent amide carbonyl is generally assumed to act as the nucleophile in this process, leading to the formation of an oxazolone, five-membered ring structure as shown in Scheme 1 [10, 14, 15] . However, the peptide generally contains several other nucleophiles that could possibly attack the electrophilic carbon atom as well, leading to isomeric, non-classical, b-type fragments. Thus, while ytype fragments are generally assumed to possess the structure of a truncated peptide, the structure of the Nterminal b-fragment has been a subject of much debate [10, 14, 16] .
When unprotonated, the N-terminal amine nitrogen atom is a strong nucleophile. For oxazolone b-type fragments containing more than four or five residues, this nitrogen atom has been suggested to attack the carbonyl C-atom of the oxazolone ring forming a cyclic peptide [17, 18] . Experimental evidence for the formation of these cyclic structures, a potential source of nonsequence ions, has been provided by multistage CID MS [17] [18] [19] [20] , H/D exchange [21, 22] , electron capture dissociation (ECD) [23] and IR spectroscopic [21, 22, [24] [25] [26] measurements.
The structure of shorter b-type fragments, in particular the b 2 fragment ion, has also been under much debate [16] . A statistical analysis of a large set of tryptic peptide tandem MS spectra revealed that the occurrence of this fragment ion is anomalously high as compared to longer b-fragments, which was suggested to be due to bifurcating reaction pathways partly leading to a different molecular structure [27] . In particular, the formation of a cyclic dipeptide (i.e., a diketopiperazine structure was suggested. Analogous to the formation of macrocyclic structures, diketopiperazines form when the N-terminal nitrogen atom, instead of the amide carbonyl O-atom, acts as the nucleophile attacking the electrophilic amide carbonyl C-atom (see Scheme 1) . It is well-known from theoretical studies that the diketopiperazine structure is in fact lower in energy than the oxazolone motif, although its formation is also generally assumed to be kinetically disfavored [6, 15, [28] [29] [30] .
IR photo-dissociation spectroscopy [31] [32] [33] of massisolated peptide fragment ions has proven to be a diagnostic tool to establish the molecular structures of these gas-phase reaction products [34, 35] . Isomeric oxazolone and diketopiperazine b 2 structures are easily distinguished based on their IR spectra. The first b 2 -ions investigated with IR spectroscopy contained only Ala and Gly residues and were all found to possess oxazolone structures [21, [36] [37] [38] . Moreover, ion spectroscopy identified oxazolone b 2 -ion structures to be formed from three doubly charged tryptic peptides [39, 40] as well as from non-oxazolone b 3 ions [41] . Spectroscopic evidence for a diketopiperazine structure was first found for the b 2 ion of protonated His(Ala) 4 [42] . It was suggested that since the added proton in the precursor peptide resides on the His side chain, the N-atom of the Nterminal amino group has greater freedom to carry out the nucleophilic attack leading to the diketopiperazine product ion. This scenario is supported by recent spectroscopic studies on b 2 -ions containing Arg, which are also predominantly diketopiperazines [43] . Further support is provided by a study on b 2 -ions containing histidine analogues, which suggest that the protonated side chain may aid in the transto-cis isomerization required for diketopiperazine formation [44] .
Thus, while the side-chain identity has been shown to influence product ion structures indirectly by sequestering the proton [42, 43] , virtually no spectroscopic evidence has thus far been found for direct involvement of the side chain in the rearrangement reaction. As the rearrangement reactions are largely driven by nucleophilic attack [45] , side chains of high nucleophilicity yet relatively poor proton affinity are expected to be most prone to become directly involved in the rearrangement reaction. In this study, we therefore focus on glutamine (Gln) and asparagine (Asn) residues, which feature an amide group in their side chain. The amide nitrogen and oxygen atoms form strong nucleophiles, while the proton affinity of the amide group is expected to be lower than that of the N-terminal amine of the peptide.
In their computational survey of possible alternative b 2 -ion structures, O'Hair and coworkers indeed suggest cyclization rearrangements induced by the side-chain amide oxygen or nitrogen atom of Gln and Asn residues [16] . Structures formed by such amide N-or O-atom induced nucleophilic attack are however higher in energy than the isomeric diketopiperazine structure, although the energetic ordering of N-and O-atom induced cyclization remains somewhat unclear 1 . Cyclization reactions involving the Gln side-chain N-or O-atom were suggested to occur in analogy to biological degradation of Gln-containing peptides [46] . Further evidence for such processes was found in multistage tandem MS CID experiments of b 2 -ions with Gln in the second position, where the unusual formation of a c 1 -ion was observed [47] [48] [49] [50] , which is of interest in de novo peptide sequencing strategies [50] . Mechanistically, formation of the c 1 -ion was interpreted as evidence for the b 2 -ion having a non-oxazolone structure; in particular, it was suggested that the b 2 -ions having Gln as the second residue possess an imino-δ-valerolactone structure (i.e., a cyclic isoimide, see Scheme 1), formed via nucleophilic attack from the side-chain amide oxygen atom [47, 48] . However, nucleophilic attack from the Gln side-chain nitrogen atom forming an isomeric glutarimide structure (i.e., a cyclic imide, see Scheme 1) is evenly consistent with the observation of the c 1 -ion in the MS 3 spectrum and can thus not be excluded [46] . Studies on longer b-type ions containing Gln have encountered the same isomeric question, which remained unresolvable based on MS n data [20] . For peptides containing Asn, analogous side-chain induced reactions could lead to non-oxazolone structures, in 1 In reference 16 , the text and the values in Table 3 are ambiguous about the energetic ordering of the structures resulting from side-chain nitrogen and side-chain oxygen attack, referred to as Gln G1 and Gln G2, respectively. particular to species containing a five-membered cyclic isoimide (imino-γ-butyrolactone) or imide (succinimide) structure (Scheme 2), resulting from side-chain amide oxygen or nitrogen attack, respectively. While both structures were indeed proposed in reference [16] , MS 3 data reported on Asn containing peptides is ambiguous as to the formation of c-type ions [48, 49] . Energetics of imide and isoimide structures relative to the more common oxazolone and diketopiperazine motifs are significantly different for b 2 -ions produced from Asn-and Gln-containing peptides [48] .
Here, we present IR spectra of b 2 -ions containing Gln and Asn residues. The b 2 -ion structures are determined by comparison of the experimental spectra with spectra calculated for candidate structures as well as with an experimental spectrum of a synthesized model compound. These data suggest that it is indeed the amide side chain that acts as the nucleophile, although not through its oxygen atom as previously suggested, but through its nitrogen atom forming cyclic imide structures: glutarimide for Gln and succinimide for Asn. 
Experimental and Computational Methods

IRMPD Spectroscopy
Infrared spectra of precursor and fragment ions were obtained via IR multiple photon dissociation (IRMPD) spectroscopy using the Fourier transform ion cyclotron resonance (FTICR) mass spectrometer coupled to the beamline of the infrared free electron laser FELIX [51, 52] . Protonated ions were generated by electrospray ionization (ESI) using a Micromass Z-Spray source and peptide solutions of approximately 0.5 mM in acetonitrile/water with about 0.2 % acetic acid added. This study focuses on the Gln and Asn containing peptides PheGlnAla, AlaAsnAla, and AsnAlaAla possessing an amide moiety in their side chains. The sample peptides were obtained from GeneCust (Dudelange, Luxemburg) and used without further purification. (S)-2-amino-N-({S}-2,6-dioxopiperidin-3-yl)-3-phenylpropanamide, which contains a glutarimide ring and serves as a model for the b 2 fragment of PheGlnAla (vide infra), was synthesized at the University of Amsterdam following the method reported by Fox et al. [53] .
The experimental procedure is described in detail elsewhere [54] . Briefly, after generation by ESI, the protonated peptides are accumulated in a linear hexapole trap before being injected into the home-built FTICR mass spectrometer [52] , equipped with a 4.7 T actively-shielded superconducting magnet. In the ICR cell, the ion of interest is mass isolated by a stored waveform inverse Fourier transform (SWIFT) excitation pulse [55] . Ions are then irradiated with FELIX, which produces 5 μs long IR pulses with energies of 30-40 mJ inside the FTICR cell and a bandwidth of≈0.5 % of the central wavelength. IR spectra were recorded from 5 to 12.5 μm corresponding to a frequency range of 800-2000 cm -1 . A mass spectrum is generated using an excite/detect sequence as implemented in the FTICR control software adapted from that of Heeren and co-workers [56] . Three mass spectra were averaged at each wavelength point.
IRMPD occurs whenever the frequency of the photon is in resonance with the frequency of a molecular vibration; tens to hundreds of photons are absorbed leading to unimolecular dissociation [31, 33, 57] . From fragment and parent ion intensities observed in the mass spectrum, the fragmentation yield is derived as ΣI(fragments)/ΣI(all ions). Plotting this yield as a function of the wavenumber of the radiation generates the infrared spectrum. The yield is corrected for variations in the laser pulse energy over the scanned wavelength range assuming a linear power dependence.
The b 2 fragment ions from PheGlnAla and AsnAlaAla are generated by nozzle-skimmer dissociation in the highpressure region at the inlet of the mass spectrometer. Dissociation of AlaAsnAla is induced in the ICR cell by 0.1 s irradiation with a 35-W CO 2 laser (ULR-25; Universal Laser Systems, Scottsdale, AZ, USA,), which was found to be more efficient than CID for this system. It was checked experimentally that fragment ions generated by either method exhibit the same IR spectrum.
Density Functional Theory Calculations
Experimental spectra are compared to spectra computed for candidate structures at the density functional theory (DFT) level in order to identify the molecular structure of the ions generated. Optimized ion structures and their vibrational spectra were computed using the B3LYP functional and the 6-31++G(d,p) basis set, as implemented in Gaussian03, rev. C.02. Input structures were generated based on chemical intuition, where structures exhibiting resonance stabilization by conjugation, stabilization by hydrogen bonding, and avoiding syn steric interactions were particularly considered. A molecular dynamics search of the potential energy surfaces was not deemed necessary as the systems under study (particularly the b 2 fragment ions) are fairly small; moreover, the main goal of this study was to establish the isomeric structure and protonation site rather than the precise conformeric structure. Computed vibrational frequencies were scaled by 0.97 and convoluted with a 25 cm -1 fullwidth-at-half-maximum Gaussian line shape function to facilitate comparison with experimental spectra.
Results and Discussion
Structure and Protonation Site of the PheGlnAla Precursor Peptide
Recent spectroscopic investigations of His, Arg, and Lys containing peptides have revealed their high propensity of forming diketopiperazine b 2 -ions [42] [43] [44] . Protonation at the side chain nucleophile instead of at the N-terminal amine has been suggested to enhance the trans-to-cis isomerization of the peptide bond required for the formation of the diketopiperazine structure [44] . In other words, deviation from the formation of the classical oxazolone b 2 -ion may thus be related to the protonation site in the precursor peptide. Since Gln and Asn containing peptides have been suggested to not form oxazolone b 2 -ions [6, 16, [47] [48] [49] , we first address the question of where the proton resides in the precursor PheGlnAla peptide. Although peptides without basic residues are generally assumed to be protonated on the N-terminus, protonation of backbone amide oxygen atoms has been suggested to be competitive [58, 59] . Moreover, the Gln side-chain amine group may sequester the proton.
The main IRMPD fragment ions of protonated PheGlnAla are b 2 (m/z 276), b 2 -NH 3 (m/z 259), c 1 (m/z 165), z 2 (m/z 201), and a 1 (m/z 120). The rather unusual observation of c 1 and z 2 fragments was also reported in CID studies and interpreted as evidence for non-oxazolone structures of the b-fragment [48, 49] . Figure 1 compares the experimental IRMPD spectrum with computed spectra for PheGlnAla protonated at the N-terminus, at the glutamine side chain oxygen and at the glutamine side chain nitrogen (panels a, b, and c, respectively). It is seen immediately that the match between experiment and theory is much better for protonation at the N-terminus. Moreover, the computed relative energies strongly favor protonation at the N-terminus.
We can thus safely assume that prior to activation, the peptide is protonated on the N-terminal amino group rather than on the Gln side chain, similar to what is observed for the majority of small protonated peptides and markedly different from peptides containing His, Arg, or Lys.
b 2 -Ion of Protonated PheGlnAla
The b 2 -ion of protonated PheGlnAla was produced by CID in the front end of the instrument and subsequently mass isolated in the FTICR-MS. Upon IRMPD, the ion undergoes dissociation forming charged products at m/z 120 (a 1 ) and m/z 165 (c 1 ), with the former being most abundant. This dissociation pathway is markedly different from that observed for typical oxazolone b 2 -ions, which are known to generate mainly the a 2 ion via the loss of a carbon monoxide unit. It also differs from the most abundant IRMPD channels observed for diketopiperazine b 2 structures (i.e., cyclic dipeptides), which are mainly loss of CO, loss of CO + NH 3 , and generation of the a 1 fragment [36] [37] [38] . Figure 2 compares the experimental IRMPD spectrum of the PheGln b 2 -ion at m/z 276 with calculated spectra for selected candidate structures. Ball-and-stick structures revealing the conformeric structures of these systems can be found in the Supplementary Material ( Figure S2 ). The diketopiperazine structure protonated on the carbonyl oxygen adjacent to the α-carbon of the Phe residue (panel a) is the global minimum structure. The structure with a six-membered glutarimide ring resulting from a nucleophilic attack by the Gln side chain N-atom (panel b) is 28 kJ/mol higher in free energy, but still lower than the common oxazolone motif, protonated at the oxazolone nitrogen, at 44 kJ/mol (panel c). The alternative oxazolone structure, where the proton is at the Nterminus (panel d) is nearly iso-energetic. The imino-δ-valerolactone structure (panel e) resulting from nucleophilic attack by the Gln side chain O-atom, as suggested based on MS 3 data [47, 48] , lies at more than 100 kJ/ mol. Protonation at the glutarimide or imino-valerolactone ring nitrogen atoms leads to structures that are substantially higher in free energy, such as the glutarimide protonated structure in panel f. Further protonation sites for each of these four main isomeric motifs were also investigated, but in all cases resulted in calculated vibrational spectra that deviate strongly from the experimental spectrum (not shown).
Inspection of the six calculated spectra in Figure 2 and comparison with the experimental spectrum leads quite readily to the conclusion that only the glutarimide structure in panel b, resulting from nucleophilic attack by the glutamine side chain nitrogen, can reasonably explain the experimental spectrum. An assignment of the most intense peaks in the experimental IR spectrum is presented in Table 1 . The carbonyl stretching modes found roughly between 1600 and 1800 cm -1 are, as in many cases, very characteristic and most diagnostic for the structural assignment. Three strong bands appear to be observed in this range, although two of them are not resolved. Of the computed spectra in Figure 2 , only those of the glutarimide (b) and the imino-δ-valerolactone (e) structures reproduce the positions of the three bands. All other structures display strong bands in this region which are not observed experimentally, so that oxazolone as well as diketopiperazine structures can be confidently excluded. Based mainly on the comparison of experimental and theoretical spectra in the 1100-1300 cm -1 range, it is then concluded that the glutarimide structure matches the experi- Figure 2 . IRMPD spectrum of the b 2 -ion of protonated PheGlnAla (black in all panels) compared to DFT-calculated spectra (blue dashed lines) for isomeric candidate structures: diketopiperazine protonated on carbonyl oxygen (a), glutarimide protonated at N-terminus (b), oxazolone protonated on oxazolone nitrogen (c), oxazolone protonated on N-terminus (d), 6-imino-δ-valerolactone protonated on N-terminus (e), and glutarimide protonated on glutarimide nitrogen (f). Calculated relative free energies are given for each of the structures. Three-dimensional ball-and-stick structures can be found in the Supplementary Material ( Figure S2) mental spectrum substantially better than the isomeric imino-δ-valerolactone structure. However, some discrepancies between experimental and theoretical spectra are apparent in Figure 2b , particularly for the bands at 1391 and 1180 cm -1 . The band at 1391 cm -1 is assigned to the NH 3 umbrella vibration (computed at 1408 cm
), which is often found to be hard to reproduce accurately by computation, likely due the anharmonic shape of the potential well for these type of vibrations [60] [61] [62] . The feature at 1180 cm -1 is probably due to a convolution of vibrational modes calculated at 1158 cm -1 (C-C stretching coupled with CH 2 wagging modes) and 1203 cm -1 (NH 3 wagging coupled to CH wagging).
While the glutarimide structure of Figure 2b clearly provides the best spectral match with the experiment, the deviations in the 1100-1400 cm -1 range make a further experimental confirmation for this structural assignment desirable. First, we investigate the structure of the m/z 165 fragment ion, which has been assumed to be a c 1 ion [47] [48] [49] . Appearance of c-type ions is uncommon in CID mass spectra and has been interpreted as evidence for Gln side-chain-induced rearrangement [47, 48] (although it cannot distinguish between cyclic imide and isoimide structures; see Scheme 1). Although c-type ions are rarely observed in CID of protonated peptides, they are wellknown fragmentation products in electron capture and electron transfer dissociation (ECD/ETD) [5, [63] [64] [65] [66] and their structures have been extensively discussed [7, 8, 67, 68] . In CID as well as in ECD/ETD, c-type ions result from cleavage of the N-Cα bond and are assumed to be linear N-terminal peptide fragments possessing either an amide or an enol-imine moiety at the Cterminus. Here, the IRMPD spectrum of the m/z 165 fragment ion of protonated PheGlnAla was obtained by recording the wavelength-dependent fragmentation into m/z 120, presumably the a 1 ion. Figure 3 compares the experimental IRMPD spectrum with computed spectra for the c 1 ion having either an amide (panel a) or an enol-imine (panel b) moiety at the Cterminus. Apart from the relative band intensities of a few of the minor bands, the experimental spectrum matches favorably with that calculated for the c 1 -ion having a C-terminal amide, which is also substantially lower in energy than the isomeric enolimine structure. The comparison in Figure 3a further suggests that the system is protonated on the N-terminus. The conclusion that the m/z 165 fragment ion is indeed the c 1 ion as previously suggested [16, 47, 48] thus lends support to the b 2 -ion having either the glutarimide or the imino-δ-valerolactone structure.
Secondly, to provide further support for our assignment as a glutarimide structure versus the imino-δ-valerolactone structure, an IRMPD spectrum was recorded for the conjugate acid of (S)-2-amino-N-({S}-2,6-dioxopiperidin-3-yl)-3-phenylpropanamide (see Figure 4) , to serve as a reference for the assumed glutarimide b 2 -ion structure. The compound was synthesized following the method of Fox et al. [53] and introduced into the FTICR-MS as a protonated ion by ESI. The experimental IRMPD spectrum is displayed in Figure 4 , overlaid on the experimental spectrum of the b 2 fragment ion of protonated PheGlnAla. Within experimental accuracy, the two spectra are identical and moreover, the same dissociation channels are observed upon IRMPD. The excellent match in Figure 4 identifies the glutarimide structure as the sole contributor to the spectrum of the PheGlnAla b 2 -ion, thus suggesting that the nucleophilic attack leading to the formation of the b 2 -ion occurs through the Gln side chain nitrogen atom and not through its oxygen atom as suggested based on MS 3 data [47, 48] . Based on the experimental evidence, we can thus safely conclude that the PheGln b 2 -ion has a glutarimide structure, which suggests that it is the side chain amide nitrogen atom that attacks the backbone carbonyl carbon. This is quite surprising as the side chain amide oxygen is considered to be a stronger nucleophile, since conjugation in the amide moiety places a partial negative charge on the O-atom and a partial positive charge on the N-atom. Furthermore, protonation at the O-atom of acetamide (CH 3 -C{=O}-NH 2 ) is computed to be 54 kJ mol -1 more favorable than protonation at the N-atom 2 . In addition, the oxygen atoms in the amide linkages of peptides are known to be more basic than the nitrogen atoms [58] . Based on these considerations, it is perhaps not surprising that observation of the c 1 -ion in MS 3 studies was interpreted as evidence for the formation of cyclic isoimides rather than cyclic imides by several authors [6, [47] [48] [49] .
To address the question why it is then the amide nitrogen that acts as the nucleophile and not the amide oxygen, we first consider the relative thermodynamics of the resulting product structures. Cyclization through the nitrogen atom leads to the glutarimide structure, which is about 80 kJ mol -1 (see Figure 2 ) more stable than the isomeric imino-δ-valerolactone structure resulting from cyclization through the oxygen atom. A reaction under thermodynamic rather than kinetic control could have explained the observed product [69] , if the diketopiperazine structure had not been lower in energy still. Note that the energy difference between the imide and isoimide structures is due to the isomerism of the six-membered ring, and not to the conformational structure of the peptide chain; at the B3LYP/6-31++G** level of theory, the glutarimide isomer of C 5 H 7 NO 2 lies 91 kJ mol -1 lower in free energy than the imino-δ-valerolactone isomer (see Scheme 3). We note that O'Hair and coworkers [16] also investigated the relative thermodynamics of the two forms of the b 2 -ion, although their peptides were N-acetylated. Therefore, only structures protonated at the (iso)imide ring were considered, so that their results are not entirely comparable to ours, where the proton resides on the N-terminal amino group of the b 2 -fragment. For the b 2 -fragments with a free N-terminus, protonation at the N-terminal amino group is computed to be substantially lower in energy (see Figure 2) .
Understanding the mechanistic details of the dissociation/ rearrangement reaction requires extensive transition-state calculations, which are beyond the scope of this study. Speculatively, the reaction may not proceed via a mobile proton scenario (Scheme S1 in the Supplementary Material) but instead follow a charge-remote pathway, such as sketched in Scheme S2, similar to what has been suggested for glutamic acid (Glu) containing peptides [70] and similar to degradation pathways of Gln containing peptides in biological samples [46] . In the lowest-energy conformers of the precursor peptide (see Figure 1 and Figure S1 ), the protonated N-terminus is hydrogen-bonded to the side-chain amide O-atom of the Gln residue. This reduces the nucleophilicity of the side-chain Oatom and simultaneously sequesters the proton to some extent, possibly allowing for such charge-remote reactions to occur. Gln. O'Hair and coworkers suggested similar side-chaininduced reactions could take place upon formation of b-type fragment ions for Asn containing peptides [16] , forming in this case five-membered ring species as shown in Scheme 2. However, Lee and Lee report that no c 1 -ion is observed from peptides with Asn in the second position, suggesting that the Asn side chain does not interfere with amide bond cleavage [48] . In sharp contrast, Lehmann and coworkers report formation of c 1 -ions from various peptides with Asn in the second position, though at lower abundance than for the Glncontaining peptides [49] . Relative thermodynamics of the sidechain rearranged species compared with regular oxazolone species were suggested to be different for Gln and Asn [48] . Moreover, one could imagine the kinetics of the reaction to be different, for instance due to the shorter alkyl chain in Asn possibly restricting the accessibility of the amide heteroatoms to the adjacent carbonyl carbon. We therefore investigate here the structure of the b 2 -ion from protonated AlaAsnAla to address the question whether the side chain of Asn becomes involved in the rearrangement reaction as observed for Gln or whether peptide dissociation proceeds via the more common oxazolone (or diketopiperazine) pathway. In addition to the formation of oxazolone and diketopiperazine b 2 -structures analogous to those depicted in Scheme 1, the Asn side chain may become involved in the rearrangement reaction via one of the reactions outlined in Scheme 2, leading to two possible five-membered ring structures [16] . Nucleophilic attack by the side-chain amide nitrogen leads to the formation of a succinimide ring species, analogous to the glutarimide species observed for the Gln containing peptide. Alternatively, the b 2 -ion may adopt a structure containing a 5-imino-γ-butyrolactone ring, if the nucleophile is the side chain amide oxygen atom. Depending on the protonation site, diketopiperazine and succinimide structures are iso-energetic within a few kJ mol -1 (see Figure 5 ). Oxazolone structures are typically around 30 kJ mol -1 higher in free energy, while structures containing a 5-imino-γ-butyrolactone ring are more than 80 kJ mol -1 higher, in accordance with values reported previously [48] . Note that this energetic ordering is significantly different from that for the analogous PheGln b 2 -ion isomers in Figure 2 .
Upon CO 2 laser induced multiple-photon dissociation, protonated AlaAsnAla was mainly observed to yield fragments at m/z 186 (b 2 ), m/z 258 (loss of ammonia), and m/z 257 (loss of water). At longer irradiation times, the c 1 -ion becomes clearly observable, suggesting that the fragmentation pathways are (at least partly) analogous to those seen for the Gln containing peptide. However, direct formation of the c 1 -ion (i.e., not traversing the b 2 -ion, may also occur as suggested in references [49, 50] . An IRMPD-based MS 3 experiment on the b 2 fragment does not produce the a 2 -ion as would have been expected for oxazolone or diketopiperazine b 2 -ion structures, but instead produces mainly the a 1 fragment ion (m/z 44). While the c 1 -ion is not as abundantly observed as for PheGln b 2 -ion, formation of the a 1 -ion is similar.
The experimental IRMPD spectrum of the AlaAsn b 2 fragment ion is compared with theoretical spectra for six representative structural isomers in Figure 5 . Further structures differing in protonation site or conformation not shown in Figure 5 have higher relative energies and spectra poorly matching experiment. The figure displays calculated spectra for the succinimide ring structure protonated at the N-terminus (two different conformers in panels a and c), the diketopiperazine ring protonated at one of the carbonyls (panel b), the oxazolone structure protonated at the N-terminus (panel d), the structure having a 5-imino-γ-butyrolactone "isoimide" ring protonated at the imino nitrogen (panel e) and the same butyrolactone structure protonated on the N-terminal amino group (panel f). Panel a shows in addition a scan taken at reduced laser power. 3-dimensional structures revealing the conformations are shown in the Supporting Information ( Figure S4) .
Again, the carbonyl stretching region between 1600 and 1900 cm -1 is very diagnostic. The trident peak shape observed in the experimental spectrum is only reproduced by the succinimide and butyrolactone structures. Diketopiperazine (panel b) and oxazolone (panel d) structures can be confidently excluded, since they utterly fail to match with the experiment in this diagnostic region of the spectrum. Protonation at the succinimide or iminobutyrolactone nitrogen atoms (e.g., panel e) can also be excluded based on these grounds, which is in line with the computed relative energies: protonation at the N-terminus is substantially favored over protonation at the imide or isoimide ring. Calculated spectra for both the succinimide (panels a and c) and 5-imino-γ-butyrolactone (panel f) structures, protonated at the N-terminus, show reasonable overlap in the 1600-1900 cm -1 spectral range. However, peak positions in the 800-1200 cm -1 spectral range match much better with the succinimide structure than with the imino-butyrolactone structure; combined with the much higher relative free energy and analogous to the PheGln b 2 -ion structure, we therefore discard the imino-butyrolactone isomer as possible structure for the b 2 -ion of AlaAsnAla.
The computed spectra for the two conformers (panels a and c) of the succinimide-based structure match the experimental spectrum reasonably well except for the region between 1200 and 1500 cm -1 . A comparison between experimentally observed frequencies and those calculated for the conformer in panel c is given in Table 2 . It is of interest to note here that the same spectral region was also poorly reproduced by the calculations for the glutarimide structure for the PheGln b 2 fragment ion (vide supra). The largest deviation between experiment and theory is found for the NH 3 umbrella mode calculated at 1398 cm -1 and tentatively assigned to the strong band observed at 1432 cm . Following the potential energy along this normal coordinate yields the curve plotted in Figure 6 , exhibiting the anharmonic nature of the potential, which is likely also due to the strong hydrogen bond to the peptide carbonyl O-atom. Note that the C=O stretching mode of this peptide bond is also miscalculated substantially at 1695 cm -1 versus an observed frequency of 1725 cm -1 . Despite the mismatch between experimental and DFTcalculated spectra in the 1200-1500 cm -1 range, we conclude that the succinimide isomer is the major contributor to spectrum observed for the AlaAsn b 2 fragment ion. This suggests that the Asn side-chain nitrogen atom acts as the nucleophile on the reaction pathway towards this fragment, analogous to what is observed for the Gln residue. This observation appears somewhat in contrast with that of reference [48] , where peptides with Gln and Asn in the second position were suggested to behave differently in the formation of the b 2 -ion. The IRMPD spectrum of the b 2 -ion of protonated AsnAlaAla indeed confirms an oxazolone structure as shown in Figure 7 . Along with the experimental spectrum, calculated spectra are shown for oxazolone structures protonated either at the N-terminal nitrogen or at the oxazolone nitrogen, which are computed to be close in energy (5 kJ mol -1 ). The diagnostic C=O stretching band of the oxazolone carbonyl at frequencies near 1900 cm -1 is prominently present and is seen to be split into two components. As seen from the comparison with the theoretical spectra, the splitting of the oxazolone band suggests the coexistence of both oxazolone structures. All bands in the spectrum are seen to be reproduced by the bands calculated for the two oxazolone structures, strongly suggesting that any contribution from alternative structures can be ruled out for this b 2 -ion. Nucleophilic attack from either the amide side chain oxygen or nitrogen atom would give rise to cyclic 8-membered imide or isoimide structures. Their computed spectra indeed do not match with the experimental spectrum, as shown in the Supporting Information ( Figure S5) .
Observation of the N-terminally protonated oxazolone structure is somewhat in contrast with the AlaAla [37] , AlaGly [36] , and GlyGly [21] oxazolone b 2 -ion structures, which were spectroscopically found to be protonated exclusively on the oxazolone nitrogen atom. On the other hand, coexistence of both protonation structures was also observed for the b 2 -ion from protonated Leu-enkephaline [22, 34, 35] , which was explained by additional stabilization of the higher-energy N-terminally protonated isomer by interactions with the Tyr π-cloud. For the AsnAla b 2 -ion studied here, additional stabilization of the N-terminally protonated structure is provided by hydrogen bonding to the amide oxygen of the Asn residue.
Conclusions
Infrared ion spectroscopy was applied in combination with electronic structure calculations to resolve the molecular structure of b 2 peptide fragment ions containing a Gln or Asn residue. Previous MS n based studies on peptides with Gln or Asn as the second residue had suggested that the amide side chain becomes involved in the dissociation reaction and that the b 2 -ion forms a cyclic isoimide structure via nucleophilic attack by the side chain amide oxygen atom [47] [48] [49] . Our spectroscopic results presented herein show, however, that the ring formation occurs through the side chain amide nitrogen instead, forming b 2 fragments with glutarimide and succinimide structures for Gln and Asn, respectively. Although the match between experimental and computed harmonic IR spectra shows some deviations in the 1200-1500 cm -1 range, an experimental IR spectrum of a synthesized glutarimide reference compound agrees perfectly with that of the PheGln b 2 -ion. The cyclic imide structures resulting from amide nitrogen nucleophilic attack are substantially lower in energy than the isomeric isoimide structures. Further computational investigation of the potential energy surface of the reaction are required to resolve the mechanistic details of the reaction, but is well beyond the scope of the present study. The structures determined here are expected to provide important guides in finding the correct trajectories.
Compared with the previously suggested isoimide structures, formation of imide b 2 -ion structures is evenly consistent with available MS 3 data, in particular with the formation of a c 1 -ion upon dissociation of the b 2 -ion. In addition, IRMPD spectroscopy was applied here to confirm that the dissociation product indeed has the structure of a c 1 -ion, with a C-terminal amide moiety and protonation at the N-terminus.
The protonation site of the PheGlnAla precursor peptide is determined to be the N-terminal amino group rather than the side chain amide moiety. The fact that no diketopiperazine structure is found here for the b 2 -ion lends further support to the dissociation mechanism recently proposed for peptides with His, Arg, and Lys residues [42] [43] [44] .
IR spectroscopy of the b 2 -ion of protonated AsnAlaAla confirms that side-chain involvement in the dissociation reaction can be clearly ruled out in this case and that this Asncontaining fragment possesses purely an oxazolone structure. This conclusion was also inferred from MS 3 data [49] , although no distinction between oxazolone and diketopiperazine structures could be made. Detailed inspection of the IR spectrum recorded here reveals that structures protonated both at the oxazolone nitrogen as well as at the N-terminus coexist.
